INTRODUCTION {#sec1-1}
============

Spermatogenesis is a dynamic process regulating the formation of millions of spermatozoa daily throughout the adult lifetime of males. At the base of spermatogenesis are spermatogonial stem cells (SSCs), which constitute a reservoir of cells among which some cells self-renew to maintain an adequate stem cell pool, while others enter the spermatogenic cycle to produce sperm.[@ref1] SSCs are formed from neonatal precursor cells, the transitional gonocytes (also known as pre- and pro-spermatogonia).[@ref1][@ref2] We have previously shown that rat postnatal day 3 (PND3) gonocytes undergo proliferation in response to platelet-derived growth factor (PDGF)-BB and 17β-estradiol via activation of the PDGF receptor (PDGFR), the estrogen receptor (ER), and the MEK/ERK pathway.[@ref3][@ref4] Furthermore, we have shown that gonocytes undergo differentiation when stimulated with all-*trans*-retinoic acid (RA).[@ref5][@ref6] Because gonocyte differentiation requires their migration and relocation to the basement membrane of the seminiferous tubules[@ref7][@ref8][@ref9] and possibly Sertoli cell-secreted factors other than RA, *in vitro* differentiation is not complete. Nonetheless, it is a convenient tool to study aspects of gonocyte differentiation, such as the upregulation of spermatogonial markers and activation of signaling pathways. Using this model, we have shown that the activation of PDGFR, SRC, JAK2, and STAT5 pathways is required for gonocyte differentiation.[@ref10] Because germ cells are the repository and vessel by which genetic material gets transferred throughout generations, it is critical that abnormal germ cells get eliminated to prevent intergenerational transfer of defective genome sequences. Apoptosis represents an important means of controlling germ cell quality by allowing the removal of defective germ cells.[@ref11] Indeed, gonocytes that fail to migrate to the basement membrane of the seminiferous cords, where they can complete differentiation, by PND 5--8, undergo apoptosis and are eliminated.[@ref1][@ref12] While the failure of eliminating abnormal gonocytes could jeopardize the quality of the SSC pool, it could also lead to the retention of defective gonocytes implicated in the formation of human testicular germ cell tumors (TGCTs).[@ref13] In this context, it is important to understand not only the mechanisms supporting the gonocyte development, but also those controlling the apoptosis of deficient cells.

Apoptosis is also necessary to maintain adequate ratios of germ to Sertoli cell numbers because Sertoli cells can only support a limited number of germ cells, and thus, any excess of germ cells must be eliminated.[@ref14][@ref15] Few studies have examined the mechanisms regulating gonocyte apoptosis, looking at several typical pro- and anti- apoptotic factors. Transforming growth factor-β was shown to induce apoptosis in fetal gonocytes and prepubertal germ cells, whereas its effect on PND3 rat gonocyte apoptosis was minimal.[@ref16][@ref17][@ref18] Furthermore, FAS, a transmembrane receptor of the tumor necrosis factor receptor family (also called APO-1) known to play a role in germ cell apoptosis,[@ref11][@ref19] is present in gonocytes and its ligand, FASL, is secreted by Sertoli cells.[@ref11][@ref18] Overexpression of anti-apoptotic factor B-cell lymphoma 2 (Bcl-2) in mice was found to inhibit germ cell apoptosis in young mice, whereas in older mice, Bcl-2 overexpression leads to an increase in germ cell apoptosis and sterility.[@ref1][@ref12][@ref20] Finally, the deficiency of the pro-apoptotic factor BAX in mice led to decreased germ cell apoptosis at PND5 and PND15 and disrupted spermatogenesis, further stressing the importance of apoptosis in this process.[@ref21][@ref22]

Interestingly, RA, which induces neonatal gonocyte differentiation, was shown to regulate other processes in fetal (but not neonatal) gonocytes, including a positive effect on fetal gonocyte proliferation and the induction of fetal rat and human gonocyte apoptosis.[@ref23][@ref24]

The goal of the present study was to identify novel pro- and anti-apoptotic genes differentially expressed during the transition from gonocytes to spermatogonia, and to determine if any of these genes were dysregulated in germ cell tumors, as a way to broaden our understanding of germ cell apoptosis and to find novel targets in the treatment of TGCTs.

MATERIALS AND METHODS {#sec1-2}
=====================

 {#sec2-1}

### Animals {#sec3-1}

PND3 and PND8 male Sprague Dawley rats were purchased from Charles Rivers Laboratories (Saint-Constant, QC, CA). Pups were euthanized and handled according to protocols approved by the McGill University Health Centre Animal Care Committee and the Canadian Council on Animal Care.

### Germ cell isolation/treatment {#sec3-2}

Germ cells were isolated from 30 to 40 PND3 (and 10 PND8) rat testes per preparation as previously described.[@ref5][@ref6][@ref25][@ref26] In summary, germ cells were isolated using sequential enzymatic tissue dissociation. The resulting mixture of germ cells and somatic Sertoli and myoid cells was then plated overnight for further separation, followed by a 2%--4% bovine serum albumin (BSA) (Roche Diagnostics, Indianapolis, IN, USA) gradient. A final purity of at least 95% was used for gene array analysis and of 85% for other types of analyses. In some of the experiments, isolated PND3 gonocytes were treated with or without 10^−6^ M all-*trans*-RA (Sigma-Aldrich, Oakville, ON, CA) and 2.5% fetal bovine serum (FBS) (Invitrogen, Burlington, ON, CA) for 24 h for mRNA analysis, and 72 h for protein analysis. Samples were frozen or fixed in paraformaldehyde for later analyses. All experiments were performed using a minimum of three independent germ cell preparations.

### Human testicular tissue/ethical approval {#sec3-3}

Human testicular tissues (both normal and tumoral specimen) for quantitative polymerase chain reaction (qPCR) analysis was generously provided by Dr. Peter Chan (Department of Surgery, Division of Urology, McGill University, Montreal, QC, CA) or extracted RNA was purchased from Oncomatrix (San Marcos, CA, USA). Samples were obtained under supervision of the institutional ethics review boards, and informed consent was obtained from all sample providers.

### RNA extraction and cDNA synthesis {#sec3-4}

Total RNA was extracted using the PicoPure RNA isolation kit (Arcturus, Mountain View, CA, USA) and digested with DNase I (Qiagen, Valencia, CA, USA). For human samples, the RNeasy Protect Mini Kit (Qiagen) was used. cDNA was synthesized using the single strand cDNA transcriptor synthesis kit (Roche Diagnostics).

### Apoptosis genes profiling arrays {#sec3-5}

As a first screening for genes of interest, the mRNA expression levels of genes related to apoptosis were determined in control and RA-treated gonocyte suspensions, using Rat Apoptosis RT[@ref2] Profiler PCR Array (Qiagen) analysis. Each array plate included probes for 84 genes known to be involved positively or negatively in the process of apoptosis, various housekeeping genes, and internal standards. The reactions were run using the following protocol: an initial step at 95°C for 10 min followed by 45 cycles at 95°C for 15 s and 60°C for 60 s. The data obtained were normalized using the built-in reference gene that was the least altered between RA-treated and control cells. Genes that were significantly changed between C and RA-treated gonocytes by at least two-fold were further analyzed using the DAVID Bioinformatics Resources version 6.7 software (NIH, Bethesda, MD, USA) and its built-in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. Gene array data were also analyzed using the 'search tool for the retrieval of interacting genes/proteins (STRING 9.05; Software developed, in part, by the Novo Nordisk Foundation Center for Protein Research (NNF CPR), the European Molecular Biology Laboratory (EMBL), and the Swiss Institute of BioInformatics (SIB)) for functional partners.[@ref27] Candidate genes were further analyzed using BioGPS, a gene annotation portal system available at biogps.org.[@ref28] Only genes that presented Cp above 35 in at least one of the conditions were considered in further experiments.

### Gene expression array analysis {#sec3-6}

Rat Illumina and human Affymetrix microarray analyses were performed by the McGill University\'s Genome Quebec facility as previously described.[@ref6] Briefly, RNA extracts from rat PND3 gonocytes and PND8 spermatogonia (three independent preparations for each age) were analyzed using the RatRef-12 Expression BeadChip for genome-wide expression analysis (Illumina, San Diego, CA, USA). Gene expression in the corresponding somatic cell fractions (containing 70% Sertoli cells and 30% myoid cells) were also analyzed as a comparison (two independent preparations per age). The array chip contains 22,523 probes selected primarily from the NCBI RefSeq database. Human samples (normal testicular tissue *N* = 3, seminoma *N* = 3, embryonal carcinoma *N* = 2, unknown pathology = 1, and Tcam−2 cells N=2) were analyzed using the HuGene-1_0-st-V1 array chip (Affymetrix, Santa Clara, CA, USA). This chip contains 33,297 probes selected mainly from the NCBI RefSeq database. Data normalization was performed by Novak *et al*.[@ref29] Apoptosis-related genes were found by comparing already existing lists provided by Qiagen.

### Quantitative real-time polymerase chain reaction {#sec3-7}

Quantitative polymerase chain reaction was performed using a SYBR Green PCR Master Mix kit (Roche Diagnostics) on a LightCycler 480 (Roche Diagnostics). Specific primers were designed using the Roche primer design software (Roche Diagnostics) ([**Table 1**](#T1){ref-type="table"}). qPCR cycling conditions were: an initial step at 95°C, followed by 45 cycles at 95°C for 10 s, 61°C for 10 s, and 72°C for 10 s. 18S rRNA was used as a housekeeping gene. Assays were performed in triplicate. All experiments were performed using a minimum of three independent sample preparations.

###### 

List of primer sets used for quantitative real-time PCR analysis

![](AJA-17-403-g001)

### Immunohistochemistry {#sec3-8}

Protein expression of cleaved caspase 3 (*Casp3*) and cleaved *Casp*9 was determined using formaldehyde-fixed, paraffin-embedded sections of PND3 and PND8 testes. As previously described, slides were dewaxed and rehydrated using Citrosolv (Fisher Scientific, Toronto, ON, CA) and Trilogy solution (Cell Marque IVD, Rocklin, CA, USA).[@ref6][@ref30] Following treatment with Dako Target Retrieval solution (DAKO, Burlington, ON, CA), the sections were incubated with PBS (Invitrogen) containing 10% goat serum (Vector Laboratories, Burlington, ON, CA), 1% BSA (Roche Diagnostics) and 0.02% Triton X100 (Promega, Madison, WI, USA) for 1 h to block nonspecific protein interactions. Sections were then incubated with cleaved *Casp*3 antibody (Cell Signaling, Whitby, ON, CA) or cleaved *Casp*9 antibody (Cell Signaling) diluted in PBS (Invitrogen) containing 1% BSA (Roche Diagnostics) and 0.02% Triton X100 (Promega) overnight at 4°C. The sections were then incubated with biotin-conjugated goat anti-rabbit secondary antibody (BD Pharmingen, Mississauga, ON, CA) diluted in PBS (Invitrogen) containing 1% BSA (Roche Diagnostics) for 60 min at room temperature. Immunoreactivity was detected using streptavidin-peroxidase (Invitrogen) and AEC single use solution (Invitrogen). Sections were counter-stained with hematoxylin (Sigma-Aldrich) and processed for cover-slipping. Slides were examined under bright-field microscopy with a BX 40 Olympus microscope (Olympus, Center Valley, PA, USA) coupled to a DP70 Olympus digital camera (Olympus). Negative controls were done by incubating some sections with Rabbit IgG (preimmune rabbit serum) (Invitrogen) (data not shown).

### Immunocytochemistry {#sec3-9}

Microscopic slides of isolated gonocytes and spermatogonia were prepared by cytospin centrifugation of germ cells at lower purity, using tail fractions of the BSA gradient that contained Sertoli and myoid cells, since high purity was not required for this type of end-point, and the presence of somatic cells could potentially provide internal controls by showing the immunostainings of other cell types. The expression of cleaved *Casp*3 and *9* was examined by immunocytochemical analysis as previously described.[@ref3][@ref26] In brief, fixed cells were treated with Dako Target Retrieval solution and then blocked with PBS containing 10% goat serum, 1% BSA, and 0.02% Triton X100 for 1 h. The cells were then incubated with either cleaved *Casp3* or cleaved *Casp*9 antibody diluted in PBS containing 1% BSA and 0.02% Triton X100 overnight at 4°C, followed by a biotin-conjugated goat anti-rabbit secondary antibody and immunoreactivity detection as described above in the immunohistochemistry protocol.

### Statistical analysis {#sec3-10}

For qPCR results, statistical analysis was performed using an unpaired two-tail Student\'s *t*-test using statistical analysis functions in the GraphPad Prism 5.0 program (GraphPad Inc., San Diego, CA, USA). For all experiments, *N* was equal to a minimum of three independent experiments. A *P* \< 0.05 was considered statistically significant.

RESULTS {#sec1-3}
=======

 {#sec2-2}

### Caspases 3 and 9-dependent apoptosis takes place in postnatal day 8 but not postnatal day 3 germ cells {#sec3-11}

As mentioned above, apoptosis is an integral part of the regulatory systems insuring proper germ cell development and spermatogenesis. Since germ cell apoptosis has been reported to take place mainly between PND7 and 14 in rodents, we first examined the expression of activated *Casp3* and *9* in PND3 gonocytes and PND8 spermatogonia either at day 0, or in the case of gonocytes, after 3 days treatment with or without RA. The expression of cleaved *Casp3* and *9* was also examined in PND3 and PND8 testes sections to determine the *in vivo* levels of apoptosis at both developmental phases (**Figure [1a](#F1){ref-type="fig"}** and [**b**](#F1){ref-type="fig"}). Using trypan blue uptake assays, we had previously shown that PND3 gonocytes viability was well maintained from days 0 to 3 in culture and that RA treatment did not affect cell viability.[@ref5][@ref6] The present data showed that there was no cleaved *Casp3* and *9* expression in isolated PND3 gonocytes in these conditions, in contrast with a large proportion of the somatic cells that were positive for both activated caspases ([**Figure 1a**](#F1){ref-type="fig"}). Indeed, we had previously observed that most somatic cells would die after a few days in the low percent FBS (2.5%) used for germ cell cultures. The present data showed that activated *Casp3* and *9* were driving somatic cell death in these conditions. The immunohistological analysis of PND3 testis sections confirmed that there was no obvious gonocyte apoptosis at PND3, whereas there were strong cleaved *Casp3* and *9* signals in the interstitium, likely corresponding to the apoptosis of fetal-type Leydig cells, a population gradually disappearing from the testis after birth ([**Figure 1a**](#F1){ref-type="fig"}, bottom panel). These data strongly contrasted with intense cleaved *Casp3* and *9* signals in germ cells of PND8 testes mainly positioned in the center of the seminiferous tubules, suggesting that these cells had failed to migrate to the basement membrane and to differentiate ([**Figure 1b**](#F1){ref-type="fig"}, bottom panel). At this age, most fetal Leydig cells had already died out, and there were little-cleaved caspase immunoreactivities in the interstitium. A small proportion of germ cells strongly positive for cleaved *Casp9* were observed in PND8 spermatogonial preparations, as well as a few germ cells weakly positive for cleaved *Casp3* ([**Figure 1b**](#F1){ref-type="fig"}, top panel).

![Expression of activated caspases (*Casp*) *3* and *9* in postnatal day 3 (PND3) gonocytes and PND8 spermatogonia. Activated caspases were visualized by immunocytochemical and immunohistochemical analyses. (**a**) PND3 gonocytes were either fixed after cell isolation (day 0) or cultured for 3 days with or without retinoic acid (10^−6^ M) and collected on cytospin slides after fixation. Bottom panel: immunohistochemical analyses of *Casp3* and *9* in PND3 testes. (**b**) Immunocytochemical analysis of PND8 spermatogonia at day 0. Bottom panel: immunohistochemical analyses of *Casp3* and *9* in PND8 testes. Representative pictures are shown. Scale = 20 μm. Arrows: germ cells. Arrowheads: apoptotic (cleaved-caspase positive) cells.](AJA-17-403-g002){#F1}

### Changes in the mRNA expression of apoptosis-related genes between control and retinoic acid -treated postnatal day 3 gonocytes {#sec3-12}

Considering that germ cell apoptosis occurred after gonocyte differentiation in cells that did not migrate and/or differentiate properly, and that only a few apoptosis-related genes had been shown to be involved in these processes, we then performed a comparative gene expression analysis between control and RA-induced differentiating gonocytes to identify new apoptosis-related genes that would be altered during gonocyte differentiation. We first performed a Qiagen RT[@ref2] profiler PCR array analysis on cDNAs from gonocytes treated with or without RA as a screening tool (**Supplemental Table 1**). The on-going differentiation process in the RA-treated gonocyte pool was confirmed by a four-fold increase in the mRNA expression of the spermatogonial marker *Stra8* as expected from previous studies.[@ref5][@ref6] In the arrays, 84 genes most commonly associated with pro- or anti-apoptosis responses were analyzed, alongside housekeeping genes and internal array standards. The data showed that 48 genes presented ≥ two-fold gene expression changes in RA-treated gonocytes compared to controls ([**Figure 2a**](#F2){ref-type="fig"}). Interestingly, the majority of the 84 genes analyzed were more highly expressed in RA-treated gonocytes than in untreated cells, as seen by the heat map ([**Figure 2b**](#F2){ref-type="fig"}) and scatter plot ([**Figure 2c**](#F2){ref-type="fig"}).

###### 

List of all genes analyzed in qiagen RT2 profiler PCR array

###### 

Click here for additional data file.

![Genes overexpressed in differentiating gonocytes. (**a**) List of genes overexpressed in retinoic acid (RA)-treated gonocytes compared to untreated cells by at least two-fold. (**b**) Heat map showing the range of fold changes when analyzing RA-treated gonocytes compared to untreated cells. (**c**) Scatter plot showing genes over- and under-expressed in RA-treated gonocytes compared to untreated cells. Red circles indicate genes overexpressed by at least four-fold whereas black circles indicate a fold change of over two-fold.](AJA-17-403-g003){#F2}

To better understand the functional relationships between these genes, we performed KEGG pathway analysis ([**Figure 3**](#F3){ref-type="fig"}), which showed that the altered genes were part of the core network of genes driving apoptosis. The genes upregulated during RA-induced gonocyte differentiation included a majority of pro-apoptotic genes corresponding mainly to the extrinsic apoptotic pathway, but also several pro-survival genes. Similarly, STRING analysis showed that most of these genes clustered around *Casp3*, including several caspases, death receptors, and adaptors, but also the data highlighted the existence of a cluster of pro-survival genes around Akt, and few minor clusters in rats ([**Figure 4**](#F4){ref-type="fig"}). *Bnip5*, *Birc2* (*XIAP*, *Hipk4*), and *Api5* were the only genes not previously reported to interact with any of the other genes in rat, while *Aven*, defender against cell death 1 (*Dad1*), *Prdx 2*, and *Polb* had minimal interacting partners, indicating a lack of knowledge on the function of these genes in rat. The increased expression of both pro- and anti- apoptotic genes in RA-treated gonocytes suggested that the balance was maintained, a likely requirement to prevent gonocyte apoptosis at this stage of development.

![Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of the apoptosis pathway. The KEGG pathway analysis of genes identified by gene profiling arrays is shown. Highlighted by the red stars are genes that belong to this known apoptosis pathway that were also a part of the 48 genes overexpressed in retinoic acid-treated gonocytes (compared to untreated cells). Adapted from DAVID Bioinformatics Resources version 6.7 software.](AJA-17-403-g004){#F3}

![STRING analysis of predicted functional partners for genes upregulated in retinoic acid (RA)-treated gonocytes. STRING analysis of the 48 genes upregulated in RA-treated gonocytes (compared to untreated cells). Functional partner predictions were based on available experimental data, databases, text-mining, and homology. The thickness of the blue lines connecting various genes represents the level of confidence with which functional partners can be predicted.](AJA-17-403-g005){#F4}

### Changes in the mRNA expression of apoptosis-related genes between postnatal day 3 gonocytes and postnatal day 8 spermatogonia {#sec3-13}

In order to further select genes related to the transition from gonocyte to spermatogonia among the 48 genes identified in the Profiler arrays, we examined the differential expression of apoptosis-related genes between PND3 gonocytes and PND8 spermatogonia using Illumina gene array analysis. Of the 48 genes found upregulated in RA-treated gonocytes, 43 were also present in the Illumina array at some level. Of those, 20 genes were highly expressed (relative abundance of at least 100) in either germ cell type, and 11 of these genes had slightly higher expression in PND8 spermatogonia than in gonocytes ([**Table 2**](#T2){ref-type="table"}). These genes were *Gadd45a*, *Dad1*, caspase 8 associated protein 2 (*Casp8ap2*), *Cycs*, *Birc2*, *Casp2*, *Mapk1*, *Prdx 2*, *Mcl1*, *Api5*, and *Anxa5*. Changes in these genes were further validated by qPCR analysis of PND3 gonocytes and PND8 spermatogonia. Although not significant probably due to spermatogonial heterogeneity, the spermatogonial marker *Stra8* showed a trend for higher expression in spermatogonia compared to gonocytes. Only few of the genes showed significant changes between gonocytes and spermatogonia, including the anti-apoptotic gene *Birc2* and pro-apoptotic *Anxa5*, while others showed increasing or decreasing trends ([**Figure 5**](#F5){ref-type="fig"}). The variability observed for some of the genes could be due to the fact that the cells are not developmentally synchronized, PND3 gonocytes representing a mixture of proliferative and quiescent neonatal germ cells, while PND8 germ cells correspond to a mixture of undifferentiated type A spermatogonia, including a subset of stem cells, committed progenitors (paired, aligned) and types A1 to A4 spermatogonia. Thus, changes occurring in only one specific type of germ cell could potentially be masked by the absence of such changes in other subsets of germ cells. Moreover, as shown in [**Figure 1b**](#F1){ref-type="fig"}, PND8 germ cells also include gonocytes that failed to differentiate and are targeted for apoptosis.

###### 

Expression of apoptosis-related genes in germ cells measured with gene arrays

![](AJA-17-403-g006)

![mRNA expression of apoptosis-related genes in postnatal day 3 (PND3) gonocytes and PND8 spermatogonia. mRNA levels of apoptosis-related genes were measured by quantitative polymerase chain reaction analysis in isolated PND 3 gonocytes (G3) and PND8 spermatogonia (G8). Results are fold change values over the expression levels in PND3 gonocytes and are expressed as means ± SEM of data obtained from 3 to 5 independent germ cell preparations (each containing 30--40 pups \[PND3\] and 10 pups \[PND8\]), with each sample performed in triplicate (\**P* \< 0.05).](AJA-17-403-g007){#F5}

We then examined by qPCR analysis whether these genes were altered during RA-induced gonocytes differentiation ([**Figure 6**](#F6){ref-type="fig"}). Of these 11 genes, 3 were significantly upregulated in gonocytes treated with RA. This included the pro-apoptotic genes *Gadd45a* and *Cycs*, which were also increased in PND8 spermatogonia in comparison to gonocytes, suggesting that the induction of these genes might be regulated by RA. RA also increased the expression of the anti-apoptotic gene *Birc2* in differentiating gonocytes, suggesting again a balance between anti- and pro-apoptotic genes in differentiating gonocytes. *Stra8* mRNA levels were also increased by RA, confirming the induction of gonocyte differentiation ([**Figure 6**](#F6){ref-type="fig"}).

![mRNA expression of apoptosis-related genes in gonocytes treated with or without retinoic acid (RA). mRNA expression of apoptosis-related genes was measured by quantitative polymerase chain reaction analysis of gonocytes treated with or without RA (10^−6^ M). *Stra8* mRNA levels were also measured as an internal control for differentiation. Results are fold change values overexpression levels in untreated gonocytes and are expressed as means ± SEM of data obtained from 3 to 5 independent cell preparations, each sample performed in triplicate (\**P* \< 0.05, \*\**P* \< 0.001).](AJA-17-403-g008){#F6}

### Changes in the mRNA expression of apoptosis-related genes in seminomas compared to normal human testis specimen and rat germ cells {#sec3-14}

As previously mentioned, studies have suggested that an improper gonocyte development is at the origin of Carcinoma *in Situ* (CIS), the precursor stage of TGCTs.[@ref13] Moreover, one of the required steps in tumor formation is the ability of transformed cells to evade apoptosis. Thus, having identified pro- and anti-apoptotic genes altered during the progression from gonocytes to spermatogonia, we examined if any of these genes were dysregulated in seminomas (the most common type of TGCTs) compared to normal testicular tissues. We found that five of the genes were significantly downregulated in seminomas, including *Gadd45a*, *Casp8ap2*, *Cycs*, *Birc2*, and *Dad1* ([**Figure 7**](#F7){ref-type="fig"}). Potential interactions between the genes in human and rat were further examined by STRING analysis ([**Figure 8**](#F8){ref-type="fig"}). In both species, *Cycs* and *Birc2* clustered together, with other apoptosis-related genes such as *DIABLO*, *Casp3*, *Casp7*, *Casp9*, and *XIAP* (*Birc4*). Interestingly, *Gadd45a* located in a separate gene cluster containing genes involved in DNA repair and replication, including *PCNA* and *FEN1* for both species, *Tp53* in rat and several replication factors such as *RFC1* in human. In addition, *Gadd45a* was shown to interact with several cell cycle proteins and kinases associated with mitosis and/or meiosis (e.g., Cdc2, Cdk1, Ccnb1) in rat (**Figures [4](#F4){ref-type="fig"}** and [**8**](#F8){ref-type="fig"}).

![mRNA expression of apoptosis-related genes in normal testicular tissues and seminomas. The mRNA expression of apoptosis-related genes was measured by quantitative polymerase chain reaction analysis of normal human testicular tissues and seminomas. Results are fold change values overexpression levels in normal testicular tissue and are expressed as means ± SEM of data obtained from 3 to 4 independent human samples, each sample performed in triplicate (\**P* \< 0.05).](AJA-17-403-g009){#F7}

![Search tool for the retrieval of interacting genes/proteins analysis indicating the predicted functional partners for *Gadd45a*, *Cycs*, and *Birc2* in rat (**a**) and human (**b**). Functional partner predictions were based on available experimental data, databases, text-mining, and homology. The colors of the lines connecting various genes represent different types of interactions between genes.](AJA-17-403-g010){#F8}

Gene array analysis in PND3 and 8 rat testes showed that *Gadd45a* transcript was 3.3- and 3.9-fold more abundant in germ cells than in the corresponding Sertoli/myoid cell extracts, respectively; while the relative expression of the other genes, including *Cycs* and *Birc2* in germ cells was closer to their levels in Sertoli/myoid cells ([**Table 2**](#T2){ref-type="table"}). Gene array analysis showed that *Casp3* and *9* were not altered in gonocytes and spermatogonia, but that *Casp3* was significantly increased and *Casp9* significantly decreased in seminoma in comparison to normal human testicular tissues (**Supplemental Table 2**). The mRNA expression of *DIABLO* was not altered in rat germ cells or human samples while *XIAP* showed a small but not significant trend toward increase between normal testis and seminomas (**Supplemental Table 2**). In adult humans, available data from the gene annotation portal BioGPS (biogps.org) comparing the relative expression levels of these genes in various adult human tissues as well as within the testis, indicated a preferential expression of *Cycs* and *Birc2*, but not *Gadd45a*, in germ cells in comparison to the interstitium and Leydig cells (data not shown). Taken together with our results, these data suggest that these genes are differentially expressed in early postnatal and adult germ cells, with *Gadd45a* preferentially expressed in early postnatal germ cell development, while *Cycs* and *Birc2* appear to be more specific for adult germ cells.

###### 

Gene expression array analyses of 4 genes altered in PND3 gene 12 profiling

###### 

Click here for additional data file.

DISCUSSION {#sec1-4}
==========

The present study analyzed the expression profiles of apoptosis-related genes between neonatal rat testicular gonocytes and type A spermatogonia, in order to identify genes that would be dynamically regulated during the transition from gonocytes to spermatogonia. Our finding that *Casp3* and *9* were not active in PND3 gonocytes but were strongly activated in misplaced germ cells in PND8 testes is in agreement with published studies reporting that minimal apoptosis takes place before the end of the first postnatal week in rodents.[@ref11][@ref21] The absence of apoptosis in neonatal gonocytes at the periods during which they proliferate and initiate differentiation[@ref1][@ref2][@ref3][@ref4][@ref5][@ref6] is in sharp contrast with the active phases of apoptosis observed in fetal gonocytes (between gestation days 13 and 18 in rat), and during the 2^nd^ week after birth.[@ref1][@ref31] It has been proposed that germ cells undergo apoptosis in order to maintain a ratio of Sertoli cells to germ cells ensuring an optimal microenvironment and nourishment from Sertoli cells to the germ cells.[@ref32] Germ cell apoptosis is also believed to represent a "self-preservation" mechanism, by which improperly developed, chromosomally abnormal germ cells are eliminated, including defective fetal gonocytes and postnatal gonocytes that failed to become spermatogonia.[@ref33][@ref34]

In the present study, we used a Qiagen RT[@ref2] Profiler array to screen among the 84 most common apoptosis-related genes (as determined by a Qiagen literature search), for genes that would present changes in expression levels during RA-induced gonocytes differentiation. As previously described by us and others, RA treatment recapitulates some aspects of gonocyte differentiation *in vitro*, such as to induce increased expression of *Stra8*.[@ref5][@ref6][@ref35] Our results showed that RA treatment also up-regulated several known pro-apoptotic gene transcripts, but that it did not trigger *Casp3* and *9* activation, suggesting the absence of apoptosis in gonocytes. Indeed, the simultaneous increase in anti-apoptotic gene transcripts in RA-treated cells suggests that gonocyte survival is insured by a balance between pro- and anti-apoptotic signals during gonocytes differentiation. In this context, an additional signal might be required to tilt the response toward survival or apoptosis, depending on the intra-tubule location and health of the cell at the end of the first postnatal week. The highly phagocytic Sertoli cells have been shown to play a role in germ cell apoptosis by secreting anti- and pro-apoptotic factors, and thus, they could be at the origin of such signal.[@ref36]

Among the genes increased in RA-treated gonocytes, the pro-apoptotic gene *Gadd45a* (growth arrest and DNA-damage-inducible, alpha) is particularly interesting because it was preferentially expressed in germ cells and upregulated between the gonocyte and spermatogonia phases, suggesting that it might be a key regulator of apoptosis in juvenile spermatogonia. Moreover, the finding that *Gadd45a* was significantly decreased in seminomas suggests that its down-regulation might be one of the processes involved in the prevention of apoptosis in tumor cells. *Gadd45a* belongs to a family of small signaling proteins that can be regulated at both the transcriptional and posttranscriptional levels.[@ref37][@ref38] Originally cloned as one of many UV-induced genes in Chinese hamster ovary cells, *Gadd45a* is more commonly known as a stress sensor, positioned downstream of both p53 and *BRCA*, and leading to growth arrest and/or apoptosis.[@ref37][@ref38][@ref39][@ref40] Similar to its common interacting partner p53, *Gadd45a*^−/−^ mice have shown genomic instability, including aneuploidy and gene amplification, associated with the tendency to develop tumors following genotoxic stress.[@ref37][@ref41] Studies have also shown that *Gadd45a* promotes DNA demethylation, whereas others have shown that this is not the case.[@ref42][@ref43] With regards to testicular development, although Gadd45g^−/−^ mice have problems with sexual development, including male infertility and an intersex phenotype, *Gadd45a* and *b*^−/−^ mice did not have problems with testis development or sex determination.[@ref44] While *Gadd45a* has not been studied in testicular cancers, it is known to be involved in a variety of tumors. In breast cancer, *Gadd45a* expression was found to be hormone receptor-dependent, being highly expressed in cells expressing ER and progesterone receptors (PR), but at low levels in triple-negative tumors (ER^−^, PR^−^, and Her2/Neu^−^).[@ref45] This is interesting, considering that testis development and function, including spermatogenesis, are hormone-dependent processes. Our finding that *Gadd45a* expression is greatly decreased in seminomas in comparison to normal testis is consistent with its role in other cancer types, where *Gadd45a* repression was associated with uncontrolled cell proliferation, increased survival due to the ability of cancer cells to evade apoptosis, and increased tumorigenicity.[@ref38][@ref40]

Another apoptosis-related gene that emerged from our studies is *Cycs* (somatic cytochrome C), a pro-apoptotic factor commonly involved in the respiratory chain and electron transfer.[@ref46] Once released into the cytosol, *Cycs* becomes a vital part of the apoptosis pathway by activating the aspartate-specific cysteine proteases *Casp9* and *3*.[@ref46][@ref47] Studies have shown that inactivation of *Casp9* is embryonic lethal, whereas *Casp*3 knockout mice died in the weeks following birth, preventing the study of their potential role in spermatogenesis.[@ref48] Since *Cycs* and activated *Casp3* were found in spermatogenic cell, they could play a role in apoptosis.[@ref49][@ref50] Bcl-2 is known to inhibit *Cycs* translocation, blocking caspase activation and apoptosis.[@ref51] Studies have shown that Bcl-2 inactivation does not have a drastic effect on spermatogenesis, indicating either that Bcl-2 is not involved in germ cell apoptosis or that the system is redundant.[@ref31][@ref52] However, Bcl-2 and Bcl-XL overexpression both result in abnormal spermatogenesis, similarly to the phenotype of BAX knockout models, suggesting a role for these genes in the regulation of spermatogenic cell apoptosis.[@ref1][@ref21] Furthermore, studies in leukemogenesis have shown that transcription factor *Sall4* binds the promoters of several apoptosis-inducing genes, including *Cycs*.[@ref53] Interestingly, *Sall4* is a marker for undifferentiated spermatogonia, while *Sall4a* is upregulated at PND7,[@ref54] a period at which germ cells should have relocated to the basement membrane and when postnatal germ cell apoptosis rises.[@ref1] *Sall4b* was also positively expressed in PND0 quiescent gonocytes.[@ref54] Finally, although *Cycs* has not yet been described in TGCTs, it is expressed in other types of tumors and is used as a biomarker for prostate cancer.[@ref55] Our present findings that similarly to *Gadd45a*, *Cycs* expression was increased in differentiating gonocytes but significantly downregulated in seminomas compared to normal testicular tissues, suggest that *Cycs* may play a role in early germ cell apoptosis, and that it could be one of the genes suppressed during germ cell cancer formation.

*Birc2*, also known as cellular inhibitor of apoptosis 1 (*cIAP1*), was one of the genes significantly altered during rat gonocyte differentiation and in human seminomas. *Birc2* has been found in various types of adult rat germ cells, including type B spermatogonia and primary spermatocytes, where it is believed to play a role in the prevention of apoptosis.[@ref56] However, a study in rats where testicular germ cell apoptosis was induced by chronic crude garlic feeding reported that *Birc2* increased expression was not sufficient to prevent germ cell apoptosis, implying that several anti-apoptotic genes might be required for the prevention of apoptosis.[@ref57] In the present study, the fact that *Birc2* expression increased in RA-treated gonocytes may correspond to a survival mechanism during differentiation. Moreover, the lower levels in PND8 spermatogonia in comparison to unstimulated gonocytes suggest that *Birc2* might be downregulated once the window of gonocyte differentiation has closed, in order to allow for the apoptosis of germ cells that failed differentiation. Surprisingly, analysis of *Birc2* expression in seminomas revealed that it was decreased in these tumors, rather than increased as would be expected of anti-apoptotic genes in cancer cells.[@ref55] Although IAPs have been proposed as potential drug targets for cancer treatment due to their inhibitory effects on caspases,[@ref58][@ref59] recent preclinical studies have revealed increased risk of metastasis in patients treated with IAP antagonists for the treatment of bone metastasis.[@ref60] Other studies have reported examples of tumors in which cIAPs acted as tumor-suppressing genes, their inhibition aggravating rather than improving disease outcome.[@ref61] These unexpected results were attributed to the existence in metastatic cells of an IAP-induced alternate nuclear factor-κB (NF-κB) signaling pathway, different from the canonical pro-survival pathway. In this model, the presence of IAP antagonist would promote IAP proteasomal degradation, leading to an aberrant NF-κB activation and increased tumor cell survival and proliferation.[@ref60][@ref61] These findings further stress the complexity of IAPs role and the importance of the tumor/cell type context. Thus, it will be interesting to determine whether seminomas express both canonical and non-canonical NF-κB pathways and whether *Birc2* acts as an anti-apoptotic or tumor suppressor gene in this type of cancer.

Although not significantly altered during gonocyte differentiation, the mRNA expression of the anti-apoptotic gene *Dad1* was significantly decreased in seminomas. Mating studies to establish a rat knockout model of *Dad1* have shown that *Dad1*^−/−^ embryos were not detected past E3.5, suggesting that this gene is needed for developing past the late blastocyst stage during embryonic development.[@ref62] In addition, although *Dad1* expression has not been analyzed in seminomas before the current study, *Dad1* has been shown to be upregulated in cisplatin-treated ovarian cancer cells, positioning it as a potential therapeutic target in cisplatin-resistant tumors.[@ref63] Testicular tumors are also treated with cisplatin, combined in a standard cocktail with bleomycin and etoposide.[@ref64][@ref65] Why this anti-apoptosis gene is downregulated in seminomas remains to be determined. While it is possible that a fine tuning between both pro- and anti-apoptotic genes is necessary during tumor formation and/or growth, it is also possible that *Dad1* might have pro-apoptotic properties in specific tumor types or tissue context, by analogy to IAPs.

Another gene that was not altered during gonocyte differentiation but significantly downregulated in seminomas is *Casp8ap2*, a pro-apoptotic gene commonly activated in the programmed cell death pathway.[@ref66] To our knowledge, *Casp8ap2* has not been previously described in seminomas, but studies have shown that measuring *Casp8ap2* expression levels in leukemia patients can help diagnose and characterize patients more highly susceptible to chemotherapy.[@ref66] The present finding that *Casp8ap2* expression is repressed in seminomas is in agreement with the common observation of downregulated pro-apoptotic genes in cancer.

STRING analysis indicated that *Casp3* was at the center of a network comprising *Cycs*, *Birc2*, *Casp9*, *7*, *DIABLO* and *XIAP* both in rat and human, with *Cycs* positioned upstream of *Casp3* and *Birc2* being negatively regulated by *Casp3*. In early postnatal rat germ cells, *Casp2* and *7* showed preferential expression in gonocytes and spermatogonia, being 10- to 20-fold higher than *Casp3* and *9*, while in normal human testis and seminoma, *Casp9* and *2* were the most abundant caspases. The high levels of *Casp2* observed in early postnatal germ cells are consistent with a study where *Casp2* was reported to participate to the postnatal surge of germ cell apoptosis taking place during the first spermatogenic wave.[@ref67] Moreover, *Casp2* was shown to play a role in cell cycle arrest at the G2/M DNA-damage checkpoint.[@ref68] Here, we found that *Casp3* and *9* are strongly activated at PND8 in germ cells that failed migration to the basement membrane. This implies that the 3 caspases are activated during the same time-frame of germ cell development. Thus, it will be interesting to determine their respective roles in this process. With regards to testicular cancer, our findings that *Casp3* was increased simultaneously to the decreased expression of *Casp9* in seminoma are interesting, in view of a study that identified a failure of *Casp9* activation as possibly implicated in the cisplatin resistance of a human testicular germ cell line.[@ref69] However, the higher cisplatin-sensitivity threshold could be overcome by the activation of a *Casp9* independent pathway, further highlighting the multiplicity and complexity of apoptotic mechanisms in tumor cells. Further studies will be needed to determine the regulation of these caspases at the posttranslational level in germ cell tumors.

Two other genes found to increase by gene profiling arrays in differentiating gonocytes were the pro-apoptotic gene *DIABLO* and the anti-apoptotic gene *XIAP*. Gene array analysis showed that *DIABLO* and *XIAP* expressions were constant between gonocytes and spermatogonia. In human biopsies, *XIAP* expression showed a trend towards increase in seminomas, whereas *DIABLO* levels remained unchanged. This difference resulted in a small increase in the *XIAP/DIABLO* ratio, which is reminiscent of a study reporting an increase in the XIAP/DIABLO ratio between normal and CIS as well as seminomas.[@ref70] However, in that study, most of the changes were attributed to decreases in *DIABLO* levels, whereas in the present study, *XIAP* was responsible of the changes in ratio. In the published study as well as in the present work, there were large variations within some of the gene expression values. This might be due to the fact that most TGCTs are heterogeneous, corresponding to a mixture of phenotypes rather than to a pure tumor type. Therefore, different percentages of seminoma cells within tumors could result in seminomas samples with variable proportions of apoptosis-related genes.

CONCLUSION {#sec1-5}
==========

Our study characterized apoptosis-related genes that are significantly altered during the transition from neonatal gonocyte to spermatogonia, as well as in seminomas compared to normal human testis biopsies. Two of these genes, *Gadd45a and Cycs*, are likely to play a role in the wave of germ cell apoptosis that occurs during the 2^nd^ week after birth in rodent testes. Moreover, the reduction of these genes in seminomas, as well as that of *Casp9*, fit with the frequent observation of repressed pro-apoptotic genes in tumors. The results obtained for *Birc2* suggest that this gene might behave as a tumor promoter in seminomas rather than an anti-apoptotic gene as previously found in other types of tumors. Further studies will be needed to clarify this fact and to determine the exact relationship between the genes identified in developing germ cells and in seminomas.
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